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I. INTRODUCTION

The finite element method has been used in the modeling of many problems
concerning elastlic-plastic impact behavior. The correct geometric represen-
tatlon of a mesh ls Important In obtalnling accurate results without introduc-
Ing numerical instabllities into the calculations. Here, triangular elements d
formulated {or wave propagation and shock problems have been applied to both a
classlcal elastlic wave propagation problem and to the analysis of a system
subjected to high velocity .impact loading.

s oL . -

The objective of this study (s to asce:,taln the effects of different
orlentations of the triangular elements and to determine the optimal mesh
size and shape using EPIC-2, a computer code for elastic-plastlic lmpact
calculutions In two dimensions, to beat fit the solution., The Information
presented her> Is intended to be of assistance to potentlal users faced with
applying the finite element method to lmpact problems and consldering how to i
obtuln meaningiul solutlons In two dimensions. K

Wave propagailon In the lmpact of a seml-infinite elastic bar was chosen
because of the avallabllity of a closed form solution. The analytlcal '

solution obtalned by Richard Skalak.J and the elementary one-dimenslonal

theory for elastic wave propagation in long, slender rods2 were used to Jjudge
the convergence of the numerical solution iIn the varlcus calculations. After
obtaining the optimal mesh size, the effects upon the changes in artificlal
viscosity factors were observed.

A large deformation problem was also considered, In tne form of a spnere
impacting a flat plate at high velocity, to assess effects of grid slze and
orientitlion on deformatlions, pressures, and strains In the presence of large
plastlc flow,

II. APPROACH

TWo numerical examples are provided to demonstr .e the effects of mesh
orlentation and artificlal viscosity upon the numerlica: solution.

All computatlional results werc obtained with the EPIC-2 (Elastlic-Plastic

3

Impac!. Calculatlon In Two Dimensions) computer code,” a Lagranglan finlte

e S JR DO R PP et ]

. Skalak, R., "Lengitudinal Impaet of a Scmi-Infinite Cirveular Elastie Bar,"
Trens. ASME, J. Applicd #Hoch., Yol 24, Lee 1988, pp. 59-63.

Jalmaon, W., Impact Strength of Materials, Crane, Russak and Co., New York,
1972, pp. 1-12.

Johnson, . R., "EPIC-2, A Computcr Program for Elastic-Plastic Impact Cal-
ceulations in Two Dimensions Plus Spin, " Homeywell, Ine., Defense Systems
Division, Contract Report ARBRL-CR-00373, Junc 1978 (ADK A058786).
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element formulation where constant strailn triangles are used to represent a
continuum, and the hydrostatlc pressure in a glven element 1s computed using
the Mle-Grun-1sen cquation of state. The code treats problems lnvolving wave
propagation d elastlic-plastie flow. It is arranged to provide solutions for
projectile~turget Impacts and explosive detonation problems.

Material properties used for the numerical computations are given in
Table 1.

Table 1. Materlal Properties

Steel (Mar-M-300) Aluminum (7075-T6) -
Denslty (kg/M) 7855.00 2784.00
Shear Modulus  (GPa) 79.57 27.51
Yield Stress (Gpa) 2.07 0.2y
Ultimate Stress (GPa) 2.07 0.32

The propagation of elastlc waves In a steel bar has been studled to
ascertaln tae effects of mesh orlentatlon and artiflicial viscosliy on the
numerical snlution by comparison with analytical solutlions. The analytlcal
solutions assume a semi-infinlite bar. The calculations presented herein are
for & long bar, length-to-diameter ratlo of 5C. Comparisons between the
corputational results and the analytlcal solutions are made before the arrival
of any reflected waves from the rear surface. Thus, the flnite length bar
mo:deled was effectively a semi-infinite bar at the times at which the
comp.arisons are made. The elastic Impact simulation Involves a bar of
circular cross-section made of high-hard steel. The length of the bar is 12.7
em ared the diameter ls 0.254 em. The bar impacts a rigld wall with a striking
vcloalty of 3.048 m/sec.

In the numerlical simulatlon of the elastic bar, a grid of quadrilateral
elioments comprised of four trlangles per quadrllateral w.s used., Various
spatial discretlzatlons, such as element aspect ratio and the number of
elements across the bar's radius, have been studied. The elementary one-
dinensional wave equatlon and the approximate theory for determining how

. el.stle striss waves propagate in infinite bars, glvan by Richard Skalak, are
. corpared wlth the computatlional results in Sectlon IIX. .
e The elementary one-dimensional linear wave equatien ls
L $
y 224 2 22y (1)
L2°¢ T2
ot Z ,

10
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where u s the displacement along the z axis of the bar. Tha constant, ¢, I3
the elementary wave velocity for a bounded medlum and is qiven by

=¢E (2)
¢ -y%

and Lthe exaect dilatational wave velocity 'n an inflnite nlastle medium 1a

c = ‘[E“"") 3
(1L- V(1 - 2v)p ,

where v 1s Polsson's ratlo, E L3 Young's Modulus, and P is the density.
Accordlng to the elementary theory, a pulse propagates along the bar without
chanplog 1ts shape. The ganeral form of the wave solutlon 1s

u=f(z-c,t) +giz +c,t) ., ()

The speciflc shape of the wave ls determined by the form of f. Since the wave
velaclty, ¢, 1s constant for an lideal one-dimensional elastle redlium, the
shape of the wave does not change durlng propagation. The equatlon of motlon
glven in (1) is valld for wave propagatlon in slender bars (length-to-dlameter
ratlo of at least 10) and neglects the effects of transverse strain, lateral
inertla, body forces, and dlssipative forces. However, the equation can be
appiled with reasonable success to problems where the longest wavelength ls

six to ten times greater than the typleal aross-sectlonal dimenzlon of the
bar,

The analysis of the transmisslon of waves in a uniform clreular eylinder
of flnite length Is complex because of the lntroductlon of the end conditicns
on the bar. Richard Skalak has obtalned a solutlon, which Includes transverse
straln effects, for elastlc wave propagation In a semi-infinite elastic bar

subjected to a suddenly applled impulse through the superposition of two
parts, namely

3%_  (w + 2 A 3,
L3 = — 2u
at? p O 3z, (5)

3%, (A+20) B 2 2
zz = —_—- (rmo)

at P, 3z r Oor ’ (6)




r"‘r: . RN AL M AL ERA LA MUA Y MR DI R ARSI T Sl 54 Nl A St 0 £ 3 AN SIS N L Ieh Al g Sl it i) Al Sal L Rl M2 M Bl Ak Tl 2 oh Sl res o oa

e

.

b"‘! s

‘n-"

o 1e(xU ) U

XS 4

o where b= * ’

Qi r Oor 9z

o du du M

A wy =4[ —= .2},

. 3z dr

' (8)

and 2 _ A+ 2 )

"% . (9)

Skaluk's so itlon is valld for late times at polnts far away from the point of
appllcation of the lond and 1ls obtalned in terms of Alry's Integral. The
approximate solutlon is of the form

ut = = [.g+ ;Z'Aicu)du ‘g [‘;"ma)da] , (10)

z

where v 1s volsson ratlo, o' and a" are the non-dimenslonal coordinates whlch
measure the distance at any polnt along the wavelength, with respect to

veloelty, and‘/al(n)da Is Alry's integral with respeue toa , a function of

time. Flpire 1 deplets Skalak's rerlnements to the elementary theory
solutlon. ‘hese solutlons provide a gulde to the rellabllity and accuragy of
the numerlec:l simulatlions.

When «aallng with numerical solutlons %o )act problems, difflcultiles
arlase when shock waves are present. Von Neuman and Richtmyer first introduced
4

artiflelal viscosity In order to treat prublems invalving physical and

E; mathematlicel discontlinultles In a continuum. Their one term formulatlion,
;. 2
\he,.)
- q = (:o p(&x) (ax) (1)
o
?5 whure q1 = 0 for ai/ax greater than or equal to zero smears the shock front
ﬁ; over several mesh widths, thus changing the discontinultles into steep but
> continuous wavefronts whlch can be treated in the context of contlinuum
t. mechanles. -
ff‘ Later on, it was found that many finite difference discretlizations tended
. to introduc : spurlous wave motlons into the numerical computations. In order
-
. wilkins, M. L., "Use of Ariificial Viscosity in Multi-Dimensional Fluid Dy-
namic ta culations,” dJowrnal of Comp. Physiecs, Vol 36, No. 3, July 15, 1980.
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to suppress these, the artiflclal viscosity concept of Von Neuman and
Rl~htmyer was extended to include a second term,

q2 = (11 %; (\2)
= 2 2 |3 (13)
ay (k,) p(Ax) ™

and qz = 0 for ai/ax greater than or equal to zero. The maln purpose of the

second term was Lo suppress numerical nolse as the shock wave propagates. For
computations lnvolving sollds where the sound speed exlsts even ah zero
pressure, the linear and quadratic terms are used together. Hence, the
generallzed foyrm ls

—g;} ’ ()

9x 2 2 | 3x
0= xpetn |2 oo’ | 5

where ¢ Is the sound speed, ax ls the characteristlc dimension in the
directlon of wave propagation, pls the denslity, k1 1s the llnear component,

ka Is the quadratlc component, and x is the coordinate in the direction of

motlon. In EPIC-2, the generallized formula is added to the equatlon of state,

which helps to eliminate numerlcal overshooting and lower level noise arising
from discontinuities.

Having =stabllished the effects of irregular meshlng and artiflclal
viscosity on problems of elastlc wave propagation, an additional set of
slmulations was undertaken to abtain an appreciation of the effect of these
parameters on sltuations involving plastle flow. Only the mesh orlentation

was varled in the plastic impact study. Three mesh orlentatlons were
considered whlch are shown in Figure 2.

The effects of the various mesh orientatlons can be seen from the
deformation patterns but become even more evident when strain and pressure
distribution: are studiled. Flnally, whlle not explicltly considered in this
study, the behavior of numerlcal results in the presence of different fallure
criteria and post-failure models can be inferred from the results presented.

III. RESULTS

A. Elastic Impact

A comparison of the results from the varlous computatlons to determine
the grid slze, using quadrilateral elemeants comprised of four triangles, gave
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some Interestling results, as shown In Figures 3 - ii. 1In all six cases, the
change in amp!ltude and time remalned relatively small. Using a uniform grid
and reflining the mesh, there 1s one considerable effect: by increasing the
number of nodal polnts and decreasing the size of the clements, the higher
frequencles are resclved.

In Flgures 4, 6 and 8 the wave profile in the bar at 20ps is presented
for 1, 2 and 3 clements across the radius reapectlvely. In all three cases
the clenent asprct ratio was a constant of 1:1. Thus, as the number of
clements acrnss the radius 1s Increased, the resolution is improved since the
higher frequency waves are now belng accounted for in the numerlcal solutlon.
Comparison o the high resolution wave proflle In Figure 8 with Skalak's
solutlon in Flgure 1 shows close agreement.

In cont-ast to the elementary theory solutlon, the wavefront predicted -
frem both Skialak's solutlon and the numerlecal solution has a finlte slope.
The elementary theory reasonably approximates some features, such as peak
amplitude of the behavior of leng bars subjected to impulslive loading; but it
ls Incapable of resolving some aspects of the problem. The solutlon lmplles
that the wavas transmitted are travellng with constant velocity and without
alteratlon of shape. In the Skalak and numerical solutlions, the osclllatlons
arise due to transverse straln effects. They are not artificlally introduced
by the numerical scheme. Furthermore, as one refines the mesh, the wave

profile exhl-its on lnecrcase in the number of ouclllatlons bshind the wave
front.

Flgures 8, 10, 12 and 1§ show the wave profile In the bar at 20pa for
eiement aspext ratlos of 1:i, 2:1, 3:1 and 4:1 respectively. As the aspect
ratlo Is increased the axial resolutlon decreases. This decrease in axlal
resolutlon prevents the numerical solution from capturing the high frequency
wave components In the axlal directlon. This can be observed in the plots by
the decrcase in the number of osclllatlons in the wave profile behind the wave
front.

The cost of computatlons may often be a major factor in determining the
grid size. With a large aspect ratio and a coarse grid, the CPU time and
costs are relatively low. Whlle the cost and the CPU time practlically double
with grld refinements. Thus, the user must make a trade off between accuracy
and cost.

The effects of changes In artiflclal viscoslty coefficlients are <hown in
Filgures 15 -~ 17. An lncrease In the linear component results in excessive
distortion of the wave front end & decrease in the orcillations occurring
along the wavelength. The effect of changes in the quadratlc coeffliclent is
small. This 1s primarily because the quadratic component dissipates more
rapidly away from the shock than the llnear component.

B. Plastic Impact

An addltional set of simulations has been performed to galn an
appreclation for the effect of element orlentation on the numerlcal solution
of lImpacts lInvolving plastic flow. In this set of computations the mesh
orientation, Iin the target only, was altered. All ccmputations were
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termlinated at 10ps, at whiech time the problems are sufflcliently advanced to
obtaln reasonable results. The plastic Impact studied consists of a steel
sphere Impacting an aluminum plate with a veloclity of 1524 m/sec. The target
plate thickness is 5.08 cm. The first target mesh orlentation studied has the
dlagonals orlented with a positive slope (IDIA=1 in Figure 2), sce Figure 18.

Flgures 19 and 20 show the computational results at Sps and 10pus
respectively. At 10ps the target is forming a V-shape which will produce
unrealistle deformations of the sphere and numerlcal Instablllitles. The
computational results for the diagonals oriented with a negative slope are
prescnted In Figures 21 and 22. At 5ps there is a slight pulling of the
elemants In a positive direction. By 10px3 the target deformation is
unraasonably stiff. Clearly, from Figures 19-22, the dlagonal orlentation has
a slpnific=a% influence on the prédicted deformatlions.

In Flgures 23 and 24 the quadrlilateral elements comprisced of four
triangles allow for large deformatlons to occur without introducing artiflelal
stifrness and/or asymmetrlies Into the calculations, which are very typleal of
the triangular zones.

The response of the target materlal has been carefully examlned for
. straln, pressure, and dlstributlon as well as fallure patterns. Materlal
q fallure In the EPIC-2 code ls governed by a fallure crlterlon based on
& equlvalent plastle strain. Whon a user's specified value for this quantity In
.an element Is exceeded, the element 1s considered to have partlally falled,
. and no tenslle or shear stresses are permlitted. In effect, the element
. behaves as a fluld. Total fallure at higher values of equlivalent plastlc
, straln Is also permitted. In thls case, nelther stress nor pressure can be
carrled by an element, and it ls therefore ignored in the computatlonal loop.
The element connectivity ls destroyed, but the nodes and thelr assoclated mass
and velocity are retalned to conserve mass and momentum. The results
. pertailning to the fallure of the elements in the target are shown In Appendix
. A. Those elements marked with an "F" have exceeded the partlal fallure
criterion of 0.6.

With regard to the first two cases, 107 (IDIA=1) and 108 (IDIA=2), the
elements are belng falled far away from the impact area. The total amount of
fallure 1s small; and the dispersement of the falled elements Is more widely
distrlbuted in the target, in comparlison to Case 109.

Element strains are derlyad by integrating the strain rates, whlch are
obtalned from the geometry of the elements and the nodal velocities. The
.. straln contours are evaluated at five different levels and are shown In
2 Appendix B. The strain contours In Cases 107 and 108 sharply deviate from the
agea of Impact and extend out farther into the target in comparison to Case
109.

The hydrostatlc pressure ls dependent on the volumetric strains and
internal energy In the elements. The results from the positive and negative
pressure contours are shown In Appendix C. In comparing the first two Cases
to the third, the posltive pressure contours are more condensed around the
area of lmpact and the falled elements. With regard to the negative pressure
flelds, there ls a greater magnitude of the pressure in the projectile than ln
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the target, and the majority of the pressure flelds In the target are located
In very asmall reglons.

IV. CONCLUSIONS

Tha elantiec lmpact analyscs demonstrate that close agreement between the
andlytical (Skalak) and numerical solutlons ecan be obtalned provided a fine
grid with an aspect ratlo of 1:1 1s used., Coarse computatlional grids and high
anpect ratlos prevent the numerlcal solution from capturing the high frequency
components.

For the e¢ffects of artificlal viscosity upon wave propagation problems,
the linear term provides the addltional dlssipation required to obtaln a
smooth, continuous solutlon, but it also tends to broaden the shock front.
‘The llnear component should range between the values of 0.0%5 to 0.20 for the
veat results. In most computer programs, the linear and quadratic components
are used In conjunctlon with each other In order to stablllze the effects of
excessive numerlical ringlng. The quadratic component ls most ceffective when
the values range between 2.0 and 4.0 for the purpose of obtalning accurate
resulits.

In the ases atudled, for the high veloclity Impact of a sphere into a
flat plate, the effects upon the fallure of the elements, the defarmatlion
belavior characteristics of the e¢lements, and the pressure and straln fields
show that quadrilateral elements comprised of four triangles per quadrllatcral
1s the most reasonable representation of observed behavior in elastic-plastic
impuct probiems.
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